Three NifS-like proteins, IscS, CSD, and CsdB, from Escherichia coli catalyze the removal of sulfur and selenium from L-cysteine and L-selenocysteine, respectively, to form L-alanine. These enzymes are proposed to function as sulfur-delivery proteins for iron-sulfur cluster, thiamin, 4-thiouridine, biotin, and molybdopterin. Recently, it was reported that selenium mobilized from free selenocysteine is incorporated specifically into a selenoprotein and tRNA in vivo, supporting the involvement of the NifS-like proteins in selenium metabolism. We here report evidence that a strain lacking IscS is incapable of synthesizing 5-methylaminomethyl-2-selenouridine and its precursor 5-methylaminomethyl-2-thiouridine (mnm 5 s 2 U) in tRNA, suggesting that the sulfur atom released from L-cysteine by the action of IscS is incorporated into mnm 5 s 2 U. In contrast, neither CSD nor CsdB was essential for production of mnm 5 s 2 U and 5-methylaminomethyl-2-selenouridine. The lack of IscS also caused a significant loss of the selenium-containing polypeptide of formate dehydrogenase H. Together, these results suggest a dual function of IscS in sulfur and selenium metabolism.
S
ulfur and selenium are similar in many of their chemical properties. This similarity allows many enzymes of sulfur metabolism to catalyze the analogous reactions with seleniumcontaining substrates (1) (2) (3) . Nevertheless, several enzymes, such as selenophosphate synthetase (4), selenocysteine methyltransferase (5) , and selenocysteine lyase (6, 7) , strictly distinguish these two elements. The enzymatic discrimination between selenium-containing substrates and the corresponding sulfur analogs is important for cells to metabolize selenium-containing biomolecules without disturbing sulfur metabolism. The specific incorporation of selenium into several proteins and tRNAs has been identified (1, 8) . Selenium is present as an essential selenocysteine residue in the polypeptide chains of various selenoproteins including bacterial formate dehydrogenase (9) and mammalian glutathione peroxidase (10) . Seleniumcontaining tRNAs found in prokaryotes contain 5-methylaminomethyl-2-selenouridine (mnm 5 se 2 U) in the wobble position of the anticodons in glutamate, lysine, and glutamine isoaccepting tRNAs (11) . The biosynthetic pathway for mnm 5 se 2 U has been partly characterized as shown in Fig. 1 . The 2-thiolation step was shown to require the mnmA gene product, but neither the specific function of the gene product nor the mechanism of the thiolation reaction is clarified (12) . The replacement of sulfur by selenium requires monoselenophosphate (13) . The selD gene product, selenophosphate synthetase, catalyzes the synthesis of monoselenophosphate from ATP and selenide. Monoselenophosphate serves as a selenium donor for both mnm 5 se 2 U in tRNA and a specific selenocysteine residue of selenoproteins (14) . Lacourciere et al. (15) showed that selenium derived from L-selenocysteine by the action of Escherichia coli NifS-like proteins can be used as the substrate for selenophosphate synthetase in vitro. More recently, it has been demonstrated that L-selenocysteine provided in the growth medium is effectively used as a selenium source for in vivo selenophosphate-dependent biosynthesis (16) . These results suggest that the NifS-like proteins function as components of a selenium delivery system for the biosynthesis of selenoproteins and selenium-containing tRNAs.
E. coli NifS-like proteins are pyridoxal 5Ј-phosphatedependent enzymes that catalyze the removal of sulfur and selenium from cysteine and selenocysteine, respectively. E. coli encodes three nifS-like genes called iscS, csdA, and csdB (17) (18) (19) . Specific functions have been suggested for CSD (the csdA gene product) as a sulfur donor for molybdopterin biosynthesis (20) and for CsdB as an enzyme involved in selenium (18) or iron (21) metabolism. Recent studies showed that IscS provides sulfur for the biosynthesis of iron-sulfur clusters, thiamin, biotin, and 4-thiouridine (s 4 U) in tRNA (22) (23) (24) (25) (26) . In addition to IscS, s 4 U synthesis requires the thiamin biosynthetic enzyme ThiI, Mg-ATP, and L-cysteine as the sulfur donor. Kambampati and Lauhon (27) have shown that the sulfane sulfur generated by IscS is first transferred to ThiI and then to tRNA during the in vitro synthesis of s 4 U. Considering that the transfer of sulfur from L-cysteine to a variety of sulfur-containing molecules involves the NifS-like proteins, these enzymes may provide sulfur for the biosynthesis of thionucleotides such as 5-methylaminomethyl-2-thiouridine (mnm S-labeled tRNA nucleosides isolated from individual strains lacking iscS, csdA, or csdB. The effect of the iscS deletion on the biosynthesis of a selenoprotein, formate dehydrogenase H (FDH H ), also was investigated.
Experimental Procedures
Media and Reagents. In general, the rich medium used was LB medium supplemented with 0.5% glucose and selenite where indicated. L-Selenocysteine was synthesized as described (29 (30) . A csdA-disrupted strain was constructed as follows. A 527-bp fragment of csdA lacking the start and stop codons was amplified by PCR with primers 5Ј-CTCGTCCCCTGGCTGATG-3Ј and 5Ј-CTTTCGGCCTGGTTGATA-3Ј, blunt-ended, and inserted into the EcoRV site of pBEN66. The resulting plasmid, pBENifS2, was digested with NotI to yield a 1,917-bp fragment containing the 527-bp csdA fragment and a kanamycinresistance (kan) gene. The fragment was self-ligated and introduced into W3110. The self-ligated circular product cannot replicate because of the lack of its own ori. A mutant strain, HM75, with a csdA gene disrupted by the insertion of kan was selected on solid LB medium containing 25 g͞ml of kanamycin. Disruption of the gene was confirmed by PCR and Southern blot analysis. P1 phages were generated from iscS::neo23, HM75, and H1489. The ⌬iscS::kan, csdA::kan, and sufS::MudI(Ap r lac) markers were transduced into MC4100 by selection on LB plates containing an appropriate antibiotic, generating strains SK23, SK75, and SK100, respectively. Standard methods were used for genetic manipulation according to Miller (31) and Sambrook et al. (32) .
Polyacrylamide Gel Electrophoretic Analysis of 75 Se-Labeled Protein and tRNA. E. coli cells were grown anaerobically overnight at 37°C in the LB medium supplemented with 0.1 M Na 2 SeO 3 and 20
Ci of Na 2 75 SeO 3 per 15 ml of culture. The cells were harvested by centrifugation (10,000 ϫ g), resuspended in 100 mM potassium phosphate buffer (pH 7.0), and lysed by freeze-thawing in liquid nitrogen. Aliquots of supernatants containing 6-8 g of protein were analyzed for 75 Se-containing tRNA by SDS͞PAGE (12%) and PhosphorImager detection of radioactivity. S-labeled tRNA was isolated as described (11, 16) . Nuclease digestion of tRNA was performed as described by Gehrke et al. (33) with minor modifications. About 150 g of tRNA in 25 l of water was heated at 100°C for 2 min, cooled on ice, and then digested by incubation at 37°C for 4 h in a reaction mixture containing 0.65 mM ZnSO 4 , 6 units of P1 nuclease, and 0.16 mg͞ml of potato phosphatase in a total volume of 62 l. The mixture was heated at 100°C for 5 min and centrifuged (10,000 ϫ g). The supernatant was diluted 7-fold with 170 mM Tris⅐HCl (pH 7.9) and analyzed by RP-HPLC. Aliquots of the digested tRNA were loaded onto an analytical C 18 HPLC column (Vydac, Hesperia, CA) and eluted with a linear gradient of 0-3.5% methanol in 10 mM ammonium acetate (pH 5.3) for 0-25 min and that of 3.5-15% methanol for 25-35 min, followed by washing the column with 100% methanol. Nucleosides were detected by UV absorbance at 257 and 313 nm and liquid scintillation counting with Radioflow Detector LB508 (EG & G, Berthold, Bundoora, Australia).
Other Methods. The FDH H activity was detected by the benzyl viologen agar overlay method (34) . Proteins were assayed with a Bio-Rad protein assay kit, using BSA as a standard. Se-labeled tRNA by SDS͞ PAGE and PhosphorImager detection. Radioactive bands that migrated to positions expected for seleno-tRNAs were observed on 12% SDS͞polyacrylamide gels for all strains except the iscS mutant (Fig. 2) . To confirm that the radioactive bands were attributed to seleno-tRNA, RNaseA was added to the extracts from all strains. The 75 Se-labeled bands corresponding to the seleno-tRNA disappeared because of degradation of tRNA by RNaseA (Fig. 2) . These results show that the iscS mutant is unable to incorporate 75 Se into the tRNA nucleosides and in this respect resembles the E. coli selD mutant strain MB08 (35) . The selD Ϫ strain cannot produce FDH H or selenium-containing tRNAs because it is defective in the formation of monoselenophosphate. In contrast, the csdA and csdB mutations did not affect the incorporation pattern of 75 Se into tRNAs (Fig. 2) , indicating their lack of involvement in the formation of the selenium-containing tRNAs. U eluted with a retention time of 3.7 min (Fig. 3) . However, no [ (Fig. 4) , whereas the tRNA isolated from the iscS Ϫ strain contained neither [ 35 (12) have shown that tRNA from an mnmA mutant contains mnm 5 U, and thus this modification at position 5 can occur without dependence on thiolation at the 2 position. The requirement of IscS and the mnmA gene product for 2-thiouridine biosynthesis suggests the process may be similar to the biosynthesis of s 4 U. In the formation of s 4 U, IscS removes sulfur from L-cysteine to generate an IscS-derived cysteine persulfide with transfer of sulfur from the cysteine persulfide to ThiI (27) . A mechanism involving the participation of cysteine residues of ThiI has been proposed for the formation of s 4 U (38). The mnmA gene product contains several cysteine residues that are highly conserved among its putative homologs (H.M. and N.E., unpublished observation). It is likely that one or more cysteine residues are involved in the 2-thiolation reaction.
Results and Discussion
It has been shown that mnm 5 s 2 U localized in the anticodon loop at position 34 of tRNAs is important for modulation of codon recognition during mRNA translation in E. coli (30, 39) . 2-Thiouridine has also been found in eukaryotes (40, 41) . The iscS and mnmA genes are ubiquitous and are found in genomic sequences of bacteria, archaea, and eukaryotes (H.M. and N.E., unpublished observation). Recently, the defect in 2-thiolation in the wobble base of the human mitochondrial tRNA Lys anticodon was proposed to disturb codon-anticodon interaction, leading to the onset of a mitochondrial disease, myoclonus epilepsy associated with ragged-red fibers (42) . Although little is known about the modification system in eukaryotes, our finding that IscS is essential for 2-thiolation of tRNA in the wobble position of the Fig. 2 . Effect of csdA, csdB, and iscS deletions on the formation of 75 Selabeled tRNAs. Cell extracts from E. coli MC4100 (WT), SK75 (csdA Ϫ ), SK100 (csdB Ϫ ), and SK23 (iscS Ϫ ), grown anaerobically in LB containing 0.1 M Na 2SeO3 and 20 Ci of Na2 75 SeO3, were analyzed by SDS͞PAGE and PhosphorImager detection. Lanes indicated by ''ϩ'' denote samples treated with RNaseA (5 g͞ml) at 37°C for 1 h. Fig. 3 . HPLC analysis of nucleosides from 75 Se-labeled bulk tRNA form E. coli MC4100 (thin line) and SK23 (thick line). Elution positions of the four major nucleosides are indicated by arrows. tRNA labeled with 75 Se was digested to nucleosides and analyzed by HPLC at a flow rate of 1 ml͞min as described. Fig. 4 . HPLC analysis of nucleosides from 35 S-labeled bulk tRNA from wildtype E. coli MC4100 (thin line) and mutant SK23 (thick line). Elution positions of the four major nucleosides are indicated by arrows. tRNA labeled with 35 S was digested to nucleosides and analyzed by HPLC at a flow rate of 0.5 ml͞min as described.
anticodon suggests that eukaryotic NifS homologs may function as sulfur-transfer proteins for 2-thiouridine biosynthesis. (Fig. 6) . Addition of L-selenocysteine to the wild-type culture medium markedly depressed 75 Se incorporation in FDH H , suggesting that selenium derived from L-selenocysteine also is used for its biosynthesis. In contrast to the result obtained with wild-type E. coli, the amount of 75 Se-labeled FDH H observed in the extract of the iscS Ϫ strain was significantly reduced in the absence of L-selenocysteine (Fig. 6) . The low amount of 75 Selabeled FDH H observed under these conditions may be the result of a lower level of expression of FDH H in this mutant. However, a slight increase in radioactivity is observed in extract from cells that were grown in the presence of L-selenocysteine. This increase may be the result of additional nonspecific incorporation of 75 Se into FDH H . These results demonstrate that the synthesis of a selenocysteine-containing polypeptide of FDH H is affected by the deletion of the iscS gene. The inability of this mutant strain to effectively synthesize an active seleniumcontaining FDH H supports an in vivo role for IscS in selenium metabolism.
In summary, we show here that the iscS gene is essential for the formation of mnm 5 . Effect of csdA, csdB, and iscS deletions on the FDHH activity. E. coli MC4100 (wild-type), SK75 (csdA Ϫ ), SK100 (csdB Ϫ ), SK23 (iscS Ϫ ), and WL400 (selD Ϫ ) were grown anaerobically at 37°C on an LB agar plate containing 0.5% glucose. After growth the plates were overlaid with a dye solution containing 0.75% agar, 1 mg͞ml of benzyl viologen, 0.25 M sodium formate, and 25 mM KH 2PO4. 
